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SUSCEPTIBILITY  OF  GUN  STEELS  TO  STRESS  CORROSION  CRACKING 


ABSTRACT 

Precracked  cantilever  beam  specimens  extracted 
from  specific  gun  tubes  were  subjected  to  a  constant 
load  in  various  environments  to  determine  fracture 
times.  Specimens  exhibited  stress  corrosion  suscepti 
bility  in  3%  NaCl ,  distilled  water  and  100%  RH  air, 
with  3%  NaCl  being  the  most  degrading  environment. 
Variations  in  susceptibility  appeared  on  a  tube 
to  tube  basis  and  were  related  to  the  temper 
embrittled  condition  of  the  tube. 

Additional  tests  in  di5>tilled  water,  varying 
yield  strength  material,  showed  that  fracture  time 
was  decreased  and  crack  growth  rates  increased  as 
the  yield  strength  was  increased. 
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GLOSSARY 


K,  Kj  -  Stress  intensity  factor;  the  subscript  I  denotes 

opening  mode  of  crack  extension. 

Kic  -  The  plane  strain  fracture  toughness  determined  by 

chevron  notch  slow  bend  test  with  three-point  loading 
of  specimen  dimensions  1  x  2  x  8". 

Kix,  *^Ii  -  Stress  intensity  loading  factors;  x  denotes  dry  fracture 
by  loading  specimen  to  failure;  i  denotes  initial 
stress  intensity  factor  in  loaded  specimens. 

KIscc  *  The  KIi  value  which  will  not  produce  failure  in  the 

observation  period  and  below  which  there  appears  to 
be  no  further  susceptibility  to  stress  corrosion. 

YS  -  The  yield  strength  value  of  9.1%  strain  offset. 

Rc  -  Hardness  value,  Rockwell  C  scale. 

Cy  -  Charpy  impact  strength  in  ft-lb  @  -40° F. 

%RA  -  %  reduction  in  area  at  tensile  failure. 

EFC  -  Effective  full  charge  rounds. 

ac  -  Critical  crack  depth;  the  depth  at  which  fast  fracture 

is  initiated. 

100%  RH  -  Saturated  himidity  at  room  temperature  (specimen 
exposed  over  distilled  water). 
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SUSCEPTIBILITY  OF  A  CUN  STEEL  TO  STRESS  CORROSION  CRACKING 


INTRODUCTION 

The  problem  of  premature  failure  of  alloys  by  stress  corrosion 
has  long  been  recognized.  At  least  fifty  years  ago,  the  ASTM  held 
discussions  on  the  corrosion  cracking  of  brass'*. 

Interaction  of  mechanical  tensile  stresses  in  a  chemically 
aggressive  environment  causes  cracking  that  is  impossible  to  predict 
by  independent  mechanical  or  corrosion  testing. 

Four  basic  requirements  are  necessary  to  cause  stress  corrosion 
cracking:  a  susceptible  alloy,  an  aggressive  environment,  applied  or 
residual  stresses  and  time. 

The  purpose  of  this  study  was  to  investigate  the  parameters 

affecting  stress  corrosion  cracking  in  a  gun  tube  material.  There 

were  a  number  of  questions  to  be  resolved:  whether  this  gun  steel 

(4337  modified)  is  susceptible  to  stress  corrosion,  the  nature  of 

environments  encountered  that  may  be  considered  aggressive  and  the 

rate  of  attack  as  influenced  by  yield  strength  levels.  The  possible 

1,2,3 

role  of  stress  corrosion  in  untimely  field  failure  of  gun  tubes 

is  also  a  consideration  of  this  investigation. 

THEORIES  OF  STRESS  CORROSION  CRACKING 

Stress  corrosion  has  been  observed  in  many  diverse  materials  and 

environments.  The  current  literature  contains  numerous  references  to 

fracture  of  titanium,  brass,  aluminum,  magnesium  and  various  steel 
5-13 

alloys  .  With  such  a  variety  of  distinctly  different  conditions  of 
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fracture,  i  .  is  difficult  to  find  common  features.  In  work  by  Hoar 
14  15  lb 

and  liines  ,  Hines  ,  and  Parkins  ,  the  following  characteristics 
consistent  with  this  type  of  fracture  have  been  observed,  however: 

1.  There  must  be  simultaneous  action  of  stress  anJ  corrosion; 
alternate  application  of  stress  and  corrosion  will  not  produce  similar 
results.  The  fracture  surfaces  are  macroscopically  brittle,  with 
little  signs  of  ductile  tearing. 

2.  The  induction  period  necessary  to  produce  crack  initiation 
and  pitting  is  relatively  long  compared  with  actual  crack  propagation. 
Stress  plays  little  par  .n  the  induction  period;  corrosion  is  the 
primary  driving  force.  Embrittlement  of  the  -region  surrounding  the 
crack  tip  may  also  be  a  significant  factor  in  the  induction  process. 

3.  The  mode  of  cracking  can  be  intergranular  or  transgranular, 
but  is  predominately  one  or  the  other  in  any  test.  No  generalizations 
can  be  made  regarding  the  effect  of  changes  in  heal  treatment  or  com¬ 
positions  on  mode,  but  one  type  of  cracking  appears  to  occur  more 
readily  for  each  particular  alloy. 

4.  The  rate  of  advance  is  quite  rapid  at  the  crack  tip;  much 
less  at  the  walls.  The  crack  propagation  process  appears  to  be  self- 
stimulating  with  the  much  larger  rate  being  sustained  only  at  the 
advancing  crack  tip. 

5.  Conditions  for  cracking  are  specific  as  to  alloy  and  environ¬ 
ment.  Specific  iors  are  usually  necessary  to  promote  cracking  condi¬ 
tions.  Although  many  environments  may  produce  similar  corrosion 
rates,  susceptibility  of  different  metals  to  stress  corrosion  may  be 
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widely  divergent.  Certain  corrodents  giving  relatively  violent  re¬ 
action  with  an  alloy  do  not  cause  cracking.  The  question  is  thus 
raised  of  the  contributing  interaction  of  corrodent  anions  to  failure. 

Tensile  stress  at  the  corroding  surface  is  essential  to  stress 
corrosion  cracking.  These  tensile  stresses  may  be  1'esidual  or  applied. 
Both  are  detrimental  to  service  life  and  the  degree  of  degradation  is 
dependent  on  the  magnitude  of  stresses.  Residual  stresses  may  be  more 

of  a  problem,  however,  since  they  are  frequently  concealed  and  ne- 

17 

glected  in  designing  for  safety  factor  of  the  component  .  These  in¬ 
ternally  induced  stresses  arise  from  processing  differences  such  as 
nor. -uniform  deformation  during  cold  working,  or  unequal  cooling  rates 
from  annealing  temperatures.  Other  built-in  stresses  include  those 
induced  by  press  or  shrink  fits  and  other  fastened  deformations  such 
as  rivets  or  bolts. 
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Tiie  uany  theories  that  have  Leen  advanced  to  explain  stress  cor¬ 
rosion  cracking  generally  fall  into  one  of  two  mechanisms:  (1)  one  in 
which  electrochemical  processes  account  for  crack  propagation  oy  means 
ol  dissolution  along  j referential  ;  atns,  and  (d)  an  alternating  step- 
fracture  sequence  where  mechanical  fracture  is  triggered  ov  corrosion. 
To  reach  tlie  characteristic  high  rate  of  propagation,  a  means  r..ust  ue 
found  to  satisfy:  either  a  type  of  corrosion  process  capable  of  high 
penetration  rates  in  the  region  of  tlie  crack  tip,  or  a  means  whereby 
corrosion  can  produce  localized  embrittlement  and  lead  to  intermittent 
mechanical  fracture. 


l'kld-'nidiiiTIAL  PATH  TULuRILS 

18 

An  early  theory  proposed  by  L.  ii.  Uix  suggested  that  susceptible 
i>aths  exist  and  corrosion  follows  under  the  action  of  tensile  stresses 
perpendicular  to  these  paths.  This  mechanism  allows  corrosion  to  follow 
a  path  held  open  by  stresses  and  is  quite  suitaule  to  explain  inter¬ 
granular  attack  along  grain  boundaries  which  are  more  reactive  to 
corrosion.  The  relatively  high  rates  of  crack  propagation,  caused 
solely  by  grain  boundary  differences,  are  difficult  to  visualize. 

The  feature  most  common  to  recent  theories  is  the  attempt  to 
explain  tnc  very  nigh  and  localized  attack  of  metal  at  tlie  tip  of  the 
crack.  The  difference  in  current  density  between  the  crack  tip  and 
walls  has  been  linked  to  the  highly  localized  attack  at  the  tip.  The 
elastic  strain  energy  and  plastically  strained  material  at  the  crack 
tip  may  account  for  some  of  the  concentrated  attack  if  supplemented  by 
other  factors  responsible  for  high  current  density. 
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Several  disl"'  "-ion  theories  have  been  proposed  to  explain  fracture 
observations.  Swann  and  Pickering*^  have  deduced  that  moving  dislocations 
transport  solute  atoms  tc  the  free  surface  of  the  metal.  Movement  of 
these  atoms  to  active  slip  planes,  were  a  high  density  of  dislocations 
is  concentrated,  produces  the  chemical  inhomogeneity  necessary  to 
initiate  and  propagate  stress  corrosion  cracking.  Observation  of  the 
serrated  type  stress-strain  curve  (Portevin-LeChatelier  effect)  associated 
with  intermittent  plastic  flow  indicates  that  solute  migration  does  occur 
with  moving  dislocations.  Preferential  corrosive  attack^0  of  components 
is  a  prerequisite  causing  faults  that  fracture  mechanically.  Studies  have 
been  nade  by  hines  and  llugill  to  determine  netalograpiiically  whether 
cracking  has  occurred  electrocher.iically  or  meclianically,  but  iiave  not 
been  conclusive  to  date. 

Varying  alloy  compositions  have  exhibited  a  marked  difference  in 

22 

susceptibility  to  stress  corrosion.  Graf  nas  advanced  the  theory  that 
susceptibility  should  pass  through  a  maxis.^  as  the  concentration  of  a 
more  noble  alloying  element  is  increased.  Segregation  of  tne  alloying 
elements  at  grain  boundaries,  or  separation  fron  solution,  establishes 
cathodic  sites  which  accelerate  attack  at  adjacent  anodic  areas.  At 
higher  alloying  compositions  the  process  of  dissolution  does  not  occur, 
and  continuous  paths  in  the  more  active  metal  no  longer  exist.  Of 
particular  significance  tc  stainless  steels  is  recent  work  by  Copson23 
studying  effects  of  nickel  and  chromium  alloying.  The  matrix  iron 
material  is  ciuca  more  electrochenically  active  tlian  either  alloy;  and 
susceptibility  increases  to  a  maximum  at  about  10%  nickel,  then  decreases 


as  predicted  by  braf.  Lop son  albo  points  out  the  fallacy  of  relyiug  on 
"staole"  protective  films  in  steels.  Imen  such  iilr..s  are  rupturcu  by 
hignly  corrosive  environments  suen  as  ferric  cnloriue  solution,  suos..- 
quent  failure  is  quite  rapid. 

In  apparent  conflict  with  the  previously  nentioneu  electrocneii ical 
tneory  are  studies  of  the  weuging  effect  caused  uy  buildup  of  corrosion 
products,  .jielsen^^  has  obtained  excellent  photoiiacrograj  hs  of  filled 
rdcrocracks  in  stainless  steels  where  the  volume  of  corrosion  product, 
if  unconstrained,  would  be  twice  that  of  the  removed  metal,  consequently, 
hiyn  stresses  were  generated,  bickering  ,  et  al,  studied  stainless 
steels  in  dilute  chloride  solutions  at  autoclave  temperatures  of  4uU°b. 
l’rcssures  of  4O00-700U  psi  due  to  the  corrosion  products  have  been 
r.easured.  Corrosion  products  identified  include  ferric  and  ferrous 
oxides,  cubic  enromium  oxide  and  complex  chrome-iron  oxides. 

i-tLCiiAhlCAL  UAi-AGh  TliLOkltS 

Keating  °  ani  hvansz/  nave  advanced  theories  to  explain  nigu  crack 
propagation  rates  in  terms  of  alternating  meciianical  and  electrochemical 
stages.  It  is  theorized  that  notches  are  produced  by  corrosion  and 
a  brittle  fracture  occurs  along  a  mechanically  weak  path  until  an 
obstacle  is  reached,  crack  propagation  occurs  by  the  repeated  occurrence 
of  this  cycle.  This  theory  is  quite  useful  at  grain  boundaries  where 
it  is  known  that  precipitates  arc  anodic  to  the  matrix  naterial,  and 
hence  arc  susceptible  corrosion  sites^^.  Logan^*^  has  theorized  that 
local  yielding  disrupts  the  polarized  condition  of  surface  oxide  films 
to  the  extent  that  crack  sides  rerain  passive  and  the  advancing  cracw 
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t iAi  becomes  active.  The  crack  propagates  if  the  strain  at  the  tip 
ruptures  the  protective  film  at  a  higher  rate  than  it  can  be  repaired, 
i.oar  and  hines^  went  a  step  further  and  speculates  that  this  local 

yielding  assisted  m  actual  removal  of  cations  from  the  metal  lattice. 

31  32 

ijincs  *  nas  discussed  the  conditions  necessary  for  electro- 
cherdcal  attack  at  a  crack  tip.  iie  lias  postulated  that  an  oLmic  drop 
exists  within  the  crack  whereby  the  crack  tit.  and  surface  exhibit 
markedly  different  corrosion  rates. 

i.echanical  mechanisms,  including  embrittlement  and  stacking  fault 
tiieories,  iiave  been  advanced  to  explain  cracking  of  normally  ductile 
materials.  Barnett  and  Troiano^5  have  described  the  steps  of  nydrogen- 
i.iduccd  static  fatigue  of  high  strength  AISI  434b  steel.  Under  sus¬ 
tained  load,  the  process  is  one  of  crack  initiation  and  slow  crack 
growth  followed  oy  cataclysmic  brittle  fracture.  The  stages  were 
identified  and  followed  using  photographic  and  electrical  resistance 
measurements.  Kim  and  uoginow^  Iiave  recently  reported  measurements 
of  hydrogen  concentration  and  permeability  in  a  hi-Cr-MO  steel,  a  con¬ 
cept  of  hyurogen  trapping  was  proposed  to  explain  the  higher  concentra¬ 
tion  in  steels  of  increasing  yield  strength,  of  the  same  composition. 
hvans5:>  advanced  an  embrittlement  theory  in  which  nydrogen  formed  near 
the  crack  tip  could  diffuse  into  the  highly  strained  crack  tip  and  cause 
propagation  of  brittle  fracture.  Reduction  of  nydrogen  ions  at  the 
crack  tip  is  likely  in  ligi.t  of  the  lower  potential  and  higner  acidity 
exhibited,  brown has  indeed  reported  ph  and  metal  ion  studies  at  the 
crack  tip  using  liquid  nitrogen  to  freeze  tne  solution  in  a  cracked 
specimen.  This  data  is  used  to  support  the  hydrogen  enbrittlement 
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theory  for  high  strength  steels.  It  must  be  noted,  however,  that 
hydrogen  cannot  be  responsible  in  all  cases  since  metal  systems  more 
electrochemical ly  noble  than  the  hydrogen  potential  also  suffer  stress 
cracking. 

Further  evidence  in  support  of  the  alternating  electrochemical - 

mechanical  theory  of  crack  propagation  has  recently  been  added  by 
37  38 

McEvily  and  Bond  and  Logan,  et  al  .  The  former  work  on  brass  con¬ 
tains  excellent  replica  electron  micrographs  clearly  showing  discon¬ 
tinuous  step-wise  crack  propagation.  Rupture  of  the  protective  tarnish 
has  been  shown  to  concentrate  the  effects  of  environment.  Subsequent 

work  with  aluminum,  zinc  and  magnesium  alloys  showed  similar  results. 

38 

Logan's  work  with  321  stainless  steels  has  produced  electron  micro¬ 
graphs  showing  the  discontinuous  process  of  fracture.  It  was  theorized 
that  the  tendency  of  austenitic  stainless  steel  to  work  harden  produces 
increments  too  small  to  be  detected  by  simple  elongation  measurements. 
PROCEDURE 

Many  test  specimen  configurations  have  been  proposed  for  environ¬ 
mental  testing.  For  our  use,  it  was  necessary  to  choose  one  chat  would 
foe'  representative  of  bulk  gun  steel  material,  yet  also  be  small  enough 
so  that  transverse  specimens  could  be  easily  obtained  from  forgings 

and  sections  of  fired  gun  tubes.  Cantilever  beam  specimens  of  the  type 
39 

used  by  Brown  were  modified  for  use  in  a  dead  weight  loading  rack. 
Size  requirements  for  plane  strain  could  not  always  be  met  from  test 
materials  available.  Dimensions  of  the  bent  beam  specimen  are  shown 
in  figure  1.  A  sharp  machine  notch  across  the  top  face  of  the  specimen 
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acts  ab  a  stress  raiser  to  obviate  the  need  for  a  long  induction  period 
to  produce  "natu?al"  stress  concentration  p-oints  in  the  fojTa  of  pits. 
Stress  is  further  concentrated  by  eccentrically  fatigue  cracking  in  a 
prccracking  unit  (figure  2)  at  lov.  loading  to  "sharpen"  the  raciiine 
notch  and  extend  the  crack  a  nominal  20  to  5u  thousandths  inch  deep. 

In  such  a  suu-sized  speciten,  it  becomes  important  to  eliminate  tne 
effects  of  shear  lips  to  minimize  surface  effects.  Sharp  side  grooving 
is  ;iccomplished  in  the  plane  of  proposed  fracture  to  minimize  these 
shear  lips. 

l'iie  rack  used  for  dead  weight  loading  is  shown  in  figure  5  with 
stressed  specir>ens  in  place.  Lssential  features  to  be  noted  are:  the 
stationary  rack  and  tining  clocks  with  pull-out  switches  to  measure 
fracture  time,  the  loading  beam  with  dial  indicator  to  detect  opening 
movement,  the  specimen  surrounded  by  polyethylene  environmental  chamber 
and  the  various  weights  supported  from  cantilever  beam  calculated  to 
produce  varying  initial  stress  intensity  factors  at  the  root  of 
specimen  notch.  Tlve  test  is  initiated  by  placing  the  precracked  speci¬ 
men  into  the  apparatus  shown  and  applying  stress  weights  to  it  as  a 
cantilever  beam.  This  arrangement  permits  simple  detection  of  crack 
opening  initiation  by  observation  of  the  change  in  dial  indicator 
readings. 

Lnvironments  extensively  studied  included  distilled  water,  100% 
relative  humidity  and  3.0%  aqueous  sodium  chloride  solution.  Specimens 
tested  in  the  3.0%  salt  solution  were  also  oxygen  saturated  uy  slowly 
bubbling  the  gas  through  the  solution. 
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END  VIEW 


SIDE  NOTCHES 


TOP  NOTCH 


Figure  I.  Geometry  of  cantilever  beam  specimen. 
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SPECIMEN  ANCHOR  RING 


SPECIMEN  GYRATING 


MICROSWITCH  MICROMETER  — 
ADJUSTOR 


rr : _ -  o 


Schematic  of  pre-cracking  machine. 


Specimens  were  machined  from  various  tube  sections  to  study  the 
susceptibility  to  stress  corrosion  cracking  of  representative  materi¬ 
als  in  the  "as  received"  condition.  Further  specimens  from  the  least 
susceptible  tube  tested  (tube  1100)  were  reheat  treated  to  yield 
strengths  varying  from  142-205  ksi  at  0.1%  offset.  Mechanical  prop¬ 
erties  for  all  the  tubes  are  tabulated  in  table  I.  Data  shown  for 
prepared  specimens  are  mean  values  obtained  from  three  tests. 


Figure  3.  Schematic  drawing  of  fatigue-cracked  cantilever  beam  test  apparatus. 


'lAbLL  I.  fiLCiiANICAL  I’KUFBkTIbS  OF  oIlCI.iUso  AC«u  AS-KLOLIl'Lu  'iLiiLS 


iu.bLL,T.‘> 


A  preliminary  estinate  of  tne  touguness  of  eacn  group  of  specimens 
was  obtained  oy  loading  a  specimen  stepwise  to  fracture  in  air.  The 
stress  intensity  factor  was  calculated  from  equations  of  Bueckner^, 
with  refinements  of  1'aris^*  and  corrections  by  Irwin,  applied  for  face 
no telling  to  give  the  relationship: 

where  =  stress  intensity  factor 

i ■:  =  bending  moment 

a  =  specimen  width  and  Bn  is  net  width  after  side 

notching 

l*.  =  specimen  depth 

a  =  crack  length  including  fatigue  extension 

and  [f(a/l.)]  =  function  of  a/U  as  tabulated  in  Kolfe,  et  al, 
(reference  43) 

It  must  be  pointed  out  that  these  initial  loading  fractures  do  not 
give  valid  Kjc  measurements  as  discussed  by  Kies,  et  al^2.  The  K  value 
for  dry  fracture  on  increasing  load  is  designated  Kjx  and  merely  gives 
a  maxiuian  loading  stress  intensity  to  be  used  as  a  measure  for 
environmental  testing.  For  this  size  specimen  of  high  strength  gun 
steel,  the  ratio  of  Kjx  to  yield  strength  was  such  that  valid  Kjc 
measurements  could  not  b<  obtained.  The  procedure  can  still  be  used  to 
cotpare  results  on  the  basis  of  nominal  fracture  stress  by  employing 
side  grooving.  These  grooves  prevent  shear  lip  formation  by  developing 
a  triaxial  stress  state  at  the  fatigue  crack.  Consequently  very  little 


=  bii[f(,a/t.)  J 
(a-  bn)1/2^ 
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deformation  is  produced  in  fracture.  Further  use  is  made  of  the 
equation  in  calculating  tiie  initial  stress  intensity  factor,  when 

loading  the  test  specimen.  With  the  specimen  in  place,  the  dial  indicator 
reading  is  zeroed,  then  closely  monitored  for  signs  of  crack  opening.  In 
the  case  of  specimen  failure,  fracture  times  versus  initial  stress 
intensity  were  recorded  and  plotted. 

RELATIVE  SUSCEPTIBILITY  OF  GUN  TUBES 

No  data  presently  exists  on  the  effect  of  stress  corrosion,  on  gun 
steels  of  this  type,  though  considerable  data  has  been  collected  on  4340 
steel,  which  is  of  similar  composition  as  shown  in  table  II. 


TABLE  II.  NOMINAL  COMPOSITION  (WEIGH  %) 
GUN  STEEL  VS.  4340  S'ihLL 


C 

J<n 

Ni 

Cr 

ito 

Si 

V 

P 

S 

Gunsteel 

Min. 

.28 

.70 

2.75 

.60 

.30 

.20 

.10 

. 

_ 

4  337V 

balance 

I'e 

4  337V 

Max. 

.34 

1.00 

3.50 

1.00 

.70 

.35 

.25 

.025 

.025 

4340 

Min. 

.38 

.60 

1.65 

.70 

.20 

balance 

1 

Fc 

Max, 

.43 

.80 

2.00 

.90 

.  50 

To  assess  susceptibility  of  as-received  gun  tubes  to  stress  corro¬ 
sion,  specimens  listed  in  table  I  were  exposed  to  oxygenateu  3.0f«> 
sodium  chloride,  an  environment  considered  highly  aggressive.  The  times 
to  fracture  under  decreasing  load  conditions  arc  shown  below  in  table  III. 
The  graphical  representation  of  figure  4  shows  the  range  of  data 
obtained,  and  clearly  points  out  the  increased  degradation  of  tubes  7 
and  1382. 
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TABLE  III.  FRACTURE  OF  GUN  STEEL  IN  OXYGENATED 
3.0%  SODIUM  CHLORIDE 


K.  in  air 

K..  at  Loading 

Hours  to 

Tube 

Klc 

ksf\/  inch 

ksi  V  inch 

%  KIi/KlX 

Fracture 

7 

117.5 

109.1 

90. S 

83.0 

2.7 

• 

78.0 

71.5 

4.0 

03.7 

58.3 

8.0 

48.1 

44.0 

13.6 

32.1 

29.4 

688  * 

1100 

150 

110.8 

90.6 

81.8 

2.2 

84.9 

76.6 

3.0 

71.2 

64.3 

10.8 

54.6 

49.2 

40.2 

49.1 

44.3 

791  * 

1382 

98.2 

94.5 

84.6 

89.5 

0.3 

72.5 

76.7 

3.4 

66.3 

70.2 

7.2 

46.9 

49.7 

14.3 

1386 

106.0 

194.5 

83.6 

80.0 

2.5 

65.3 

62.5 

16.1 

51.6 

49.4 

18.0 

55.6 

53.2 

30.0 

1984 

103.9 

89.3 

86  0 

0.2 

74.6 

71.8 

4.0 

59.7 

57.5 

10.8 

50.8 

48.9 

26.8 

1985 

• 

103.6 

85.1 

82.2 

2.T 

71.3 

68.8 

7.3 

60.6 

58.5 

15.9 

54.9 

53.0 

23.4 

_ 

*  Denotes 

no  failure 

EFFECT  OF  ENVIRONMENT 

Susceptibility  was  determined  as  previously  described  and  further 
tests  were  run  using  the  progressively  less  corrosive  environments  of 
distilled  hater  and  saturated  humidity  at  room  temperature. 


Une  of  the  gun  tubes,  7,  that  showed  the  black  thumbnail  narkings 
at  fatigued  fractu'e  surfaces,  was  chosen  as  material  to  study  the 
effects  of  the  other  environments.  Results  are  shown  below  in  table  IV 
and  graphically  in  figure  5. 


i'AuLL  IV.  EFFECT  OF  ENVIRONMENT  ON  i-KACTUKL 
OF  GU.«  STEEL,  TUiiE  7 


Environment 

hours  to 

KIi 

KIi/KIx 

Fracture 

Air  (hIx) 

109.1 

- 

- 

3.0%  NaCl 

78.0 

71.5 

4.6 

(Oxygenated) 

03.7 

58.3 

8.0 

48.1 

44.0 

13.6 

22.1 

29.4 

088  * 

distilled 

90.8 

83.2 

8.1 

i!2° 

81.2 

74.4 

26.2 

04. 5 

59.1 

72.2 

59.0 

54.0 

S73 

100%  humidity 
(Over  distilled 

94.2 

86.2 

62.8 

1^0) 

91.1 

83.5 

76.9 

80.6 

73.8 

116 

72.5 

66.5 

221.7 

‘denotes  no  failure 

E1:FECT  OF  YIELD  STRENGTH 

To  study  the 

effects  of  yield 

strength  on  stress 

corrosion 

attack,  specimens 

from  tube  1100, 

one  of  the  tunes  showing  least 

susceptibility,  were  heat  treated 

to  various  strengtlis 

as  shown  : 
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FRACTURE  TIME,  HOURS 


Figure  4.  Susceptibility  of  as-received  specimens  to  cracking  in  Z% 
oxygenated  Ha  Cl. 


Figure  5.  Effect  of  environment  on  fracture  time,  tube  7,  186  KSI  YS 


table  I.  These  steels  were  stressed  in  distilled  water  environment 


Tabulated  below  are  fracture  data  shown  in  figure  6. 

TABLE  V.  EFFECT  OF  YIELD  STRENGTH  OF  GUN  STEEL  ON  S(X 
IN  DISTILLED  CATER 


Y.S. 

(0.1%  offset.) 
ksi 

klx  in 

Air 

ksi  \/  inch 

KIi  at 
Loading 

ksiV  inch 

©. 

'o 

KIi/KIx 

Hours 

to 

Fracture 

4340  Steel 
at  Comparable 
Yield  Strength 

KIc 

(ksi  inch)** 

142 

104.2 

91.5 

87.6 

554* 

95.6 

91.6 

689 

186 

110.8 

107.8 

97.2 

0.9 

117 

90.6 

81.8 

69.0 

85.6 

77.3 

149.8 

79.2 

71.5 

1167* 

.30 

88.7 

75.8 

85.5 

1.2 

96 

58.1 

65.5 

20.7 

47.2 

55.1 

80.4 

41.9 

47.3 

814* 

* 

i'.* 

Denotes  no  failure 

4340  data.  Hays  and  Wessel46 

DISCUSSION 

Stress  corrosion  damage  is  known  to  occur  in  4340  steel  and  has 
been  recently  reported  by  Brown^®,  Van  Uer  Sluys44  and  liulherin4** . 

The  initial  question  of  whether  the  related  gun  steel  alloy  is 
similarly  susceptible  to  stress  corrosion  damage  is  answered  in 
table  II  and  figure  4.  These  data  show  clearly  that  the  gun  steel,  as 
represented  by  the  several  tubes  shown,  is  suffering  stress  corrosion 
damage.  As  the  level  of  the  initial  stress  intensity  factor  is 
increased,  the  tine  to  failure  is  decreased.  The  data  also  indicate  a 


difference  in  the  response  of  the  tubes  tested.  While  all  the  tubes 

showed  degradation  as  a  result  of  immersion  in  the  environment,  tubes 

7  and  1382  were  affected aost  markedly,  exhibiting  a  Kjscc  value  of 

about  35  ksi  inch  as  co spared  to  an  approximate  value  of 

55  ksi  v/  inch  for  the  other  tubes  tested.  (The  KT  value  is  that 

I  see 

value  of  the  initial  stress  intensity  factor  which  will  not  produce 
failure  in  the  observation  period  and  below  which  there  appears  to  be 
no  further  degradation  in  properties.)  This  represents  a  reduction  of  about 
65%  from  the  Kjx  value  as  conpared  to  an  average  reduction  of  about  45% 
for  the  other  tubes. 

It  is  interesting  to  observe  that  if  one  coapares  the  total  cycles 
to  failure  (Zone  3  rounds  ♦  lab  cycles),  tubes  7  and  1382  rank  lowest 
of  the  tubes  shown.  If  one  further  compares  the  teapering  temperatures 
for  these  tubes,  tubes  7  and  1382  also  show  the  lowest  tapering 
temperature.  These  data  indicate  that  these  tubes  were  temper  embrittled 
and  support  the  contention  by  Davidson  et  al2  that  temper  embrittlement 
increases  stress  corrosion  susceptibility.  With  regard  to  fracture  tough¬ 
ness,  it  is  relevant  to  note  that  the  KIx  values  obtained  agree  very  well 
with  the  Kjc  values  reported  by  Davidson  although  they  are  slightly  lower 
in  each  case.  In  addition,  the  stress  corrosion  crack  path  for  tube  7, 
as  shown  by  figure  7,  is  intergranular.  Tubes  7  (figure  8)  and  1382  also 
show  "black  thumbnail"  markings  frequently  associated  with  stress  corrosion 
failures.  These  data  support  the  premise  that  temper  enbrittlement 
increases  the  stress  corrosion  susceptibility. 

The  evidence  that  gun  steels  were  indeed  susceptible  to  stress 
corrosion  when  tested  in  a  3%  NaCl  solution  led  us  to  evaluate  this 
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TIMe  TO  FPACTURE  (HOURS) 


igure  6.  Effect  of  yield  s'crenqth  on  fracture  time,  heat-treated  tube  MOO 
in  distilled  H2O. 


igure  7.  Intergranular  stress  corrosion  at  crack  tip  of  tube  7  in  aqueous 
salt  environment  (IOOOX  Nital  Etch). 


igure  8. 


Macro  photo  of  failure  surfaces  of  gun  tubes  1382  and  7, 
showing  thumbnail  corrosion  markings. 
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Figure  8.  Continued. 
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susceptibility  in  other  environments.  Tube  7,  which  showed  narked 
susceptibility  in  the  NaCl  solution,  was  used  to  evaluate  the  other 
environments.  The  data  presented  in  table  IV  and  figure  5  show  that 
the  distilled  water  and  100%  RH  air  can  also  exert  a  degrading  effect 
on  the  gun  steel.  For  these  tests,  the  water  environment  was  slightly 
more  damging  than  the  humid  air,  while  the  salt  solution  was  consi¬ 
derably  more  damaging  than  either.  The  fact  that  gun  steels  can  be 
degraded  via  stress  corrosion  daaage  by  a  compound  a?  ’ubiquitous  as 
water  causes,  first,  concern,  and  secondly,  specul'  as  to  why  evi¬ 
dence  of  stress  corrosion  is  not  mere  widespread.  One  can  only  comment 
that  stress  corrosion  by  definition  requires  the  presence  of  significant 
stresses  as  well  as  a  damaging  environment  and  that  corrosion  is  a  time 
dependent  phenomenon.  Residual  stresses  of  sufficient  magnitude  to 
cause  damage  to  a  normal  tube  (as  compared  with  a  temper  embrittled 
tube)  may  not  always  be  present.  Secondly,  if  tubes  are  being  fired 
rapidly,  the  lives  are  probably  limited  by  fatigue,  and  tim6  for  the 
development  of  stress  corrosion  cracks  would  be  limited.  If,  however, 
such  stress  corrosion  daaage  did  occur,  it  would  permit  crack  extension 
without  additional  firing,  thus  distorting  the  cyclic  base  in  fatigue 
studies. 

Having  determined  the  relative  susceptibility  in  varying  environ¬ 
ments,  the  investigation  wss  continued  to  determine  whether  variations 
in  yield  strength  level  would  produce  significant  changes  in  the  stress 
corrosion  response.  The  results  of  tests  conducted  in  distilled  water 
are  presented  in  table  V  and  shown  graphically  in  figure  6.  It  is 
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readily  apparent  that  the  Kjscc  level  is  decreased  markedly  with  increas¬ 
ing  yield  strength.  The  142,  186  and  200  ksi  YS  materials  exhibited 
KIscc  levels  of  98,  85  and  45  ksi  'J inch  respectively  in  this  environ¬ 
ment.  Examination  of  the  fracture  time  vs.  Kj^  curves  leads  one  to 
speculate  whether  relative  crack  growth  rates  can  be  inferred.  This 
would  be  desirable  since  it  is  difficult  to  rationalise  the  increase  in 
failure  times  as  being  due  solely  to  the  increase  in  values 
obtained  when  the  yield  strength  was  lowered.  For  example,  from 
table  V,  if  one  coapares  the  186  ksi  material  (Kjc  *  117  ksi  \/  inch) 
loaded  at  an  initial  K  level  of  79.2  ksi  inch)  with  the  200  ksi  mate¬ 
rial  (Kjc  *  96  ksi  \/  inch)  (loaded  at  a  conservative  initial  K  level 
of  58.1  ksi  v/ inch),  a  decrease  in  fracture  time  of  greater  than  50  fold 
would  be  observed  when  going  from  the  low  yield  strength  to  the  high 
yield  strength  material.  Stated  differently,  with  the  ratio 

approximately  the  same,  the  186  YS  material  has  a  life  50  times  greater 
than  the  200  YS  material;  consequently,  there  must  be  a  difference  in  the 
crack  growth  rate. 

This  can  be  illustrated  in  the  following  manner.  If  a  schematic 
crack  depth  vs.  time  curve  is  constructed,  as  in  figure  9,  critical 
crack  depths  pertinent  to  the  relative  yield  strengths  can  be  super¬ 
imposed.  For  the  200  ksi  material  the  crack  progresses  along  line  AB, 
with  failure  occurring  at  point  B,  corresponding  to  the  critical  crack 
depth  (a£)  at  a  failure  time  t^.  For  the  186  ksi  material,  assuming 
the  same  crack  growth  rate  as  in  the  prior  case,  the  crack  would  con¬ 
tinue  along  AB  to  point  C,  with  the  faiure  time  denoted  t2.  One  can 
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see  that  the  increase  in  failure  time  ft  2  -  tj)  is  not  a  large  value, 
and  that  increases  in  the  order  of  fifty  fold  would  not  be  obtained  with 
reasonable  increases  in  *lc-  For  this  reason,  an  adjunct  experiment 
was  conducted  to  determine  crack  growth  rates.  Since  deflection  vs. 
titae  curves  were  already  available,  deflection  vs.  crack  depth  curves 
were  constructed  for  the  various  yield  strength  levels  at  various  load 
levels  as  follows.  Cantilever  bean  specimens  of  identical  materials 
and  strengths  were  stressed  at  the  same  dead  weight  loadings  as  those 
of  the  deflection  vs.  time  curves  previously  obtained.  Crack  growth 
was  simulated  through  physical  extension  of  the  crack  front  by  means 
of  a  jeweler's  saw  blade.  Micrometer  readings  of  crack  depth  were 
plotted  versus  deflection  readings  obtained  on  the  dial  indicator. 

The  calibration  curve  was  produced  at  each  load  level  so  that  deflection 
readings  could  be  translated  directly  into  crack  depth  values.  Direct 
application  of  these  values  was  made  to  obtain  curves  of  crack  depth  vs. 
time  in  the  corrosive  environment.  The  curves  obtained  fer  vsi  and 
200  ksi  YS  material  at  a  single  load  level  in  the  environment  are  she  >  1 
in  figure  10.  The  critical  crack  depths  shown  were  calculated  using 
approximate  Kjc  values  from  Wessels  data  on  4340*^,  and  assuming  that 
rapid  crack  growth  would  occur  when  K  =  KIc. 

Examination  of  these  curves  shows  that,  in  addition,  to  the  deeper 
critical  crack  sixe  in  the  lower  yield  material,  the  stress  corrosion 
crack  growth  rate  is  slower.  The  action  of  both  these  factors  results 
in  a  failure  time  which  is  considerably  increased. 

One  can  make  a  similar  inference  regarding  crack  growth  rate  in 
temper  embrittled  material  by  coaparing  times  to  failure;  the  data. 
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Figure  9. 


Curve  illustrating  effect  of  yield  str 


Figure  10.  Effect  of  yield  strength  on  crack  growth 
stress  intensity  factor  of  50  ksi  inch. 
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abstracted  from  table  III,  was  obtained  on  specimens  losideu  to  approxi- 
mately  the  same  Kj^  values. 


Tube 

*Ic 

KIi 

Time  to  Fracture 

7 

117.5 

48.1 

13.6 

1100 

150 

49.1 

791  * 

*  Denotes  no  failure. 

Note  that  tube  1100  exhibits  a  fracture  time  many  times  higher  than 
tube  7,  even  though  tlie  initial  loading  was  slightly  higher.  This 
increase  in  fracture  time  cannot  be  explained  on  the  basis  of  a  25% 
increase  in  fracture  toughness,  even  if  one  accepts  the  value  of  150 
ksi  >/  inch  as  being  accurate. 

Some  comment  should  be  made  with  respect  to  the  mechanism  of 
stress  corrosion  cracking  in  these  high  strength  steels.  The  mode  of 
failure  was  revealed  by  metallographic  sectioning  and  electron  micro¬ 
scope  fractography  to  be  intergranular  in  nature,  further,  the  fracto- 
grcph  shown  in  figure  11  shows  that  little  destruction  of  the  grain  sur¬ 
faces  is  occurring  via  dissolution.  Such  a  result  is  incompatible  with 
any  theory  of  gross  dissolution.  The  most  likely  rechanism  is  one  of 
corrosion,  followed  by  hydrogen  embrittlement.  The  source  of  hydrogen 
is  easily  explained  if  one  considers  that  in  acidic  or  slight  acidic 
solutions,  hydrogen  results  as  a  corrosion  product  according  to  the 
following  reaction: 

Fe  ♦  2H+  — ►  Fe**  *  2H 

The  work  of  Johnson  and  Paris47  has  shown  that  crack  growth  rates 
can  be  markedly  accelerated  by  the  presence  of  hydrogen  at  the  crack 
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Figure  li.  Fractograph  showing  intergranular  stress 
corrosion  crack  (3200X). 


Figure  12.  Fractograph  showing  H2  charge  brittle  fracture  (3200X). 
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Summarizing  then,  we  have  both  an  available  source  of  hydrogen  at 
the  crack  tip,  and  evidence  that  this  hydrogen  can  exert  a  damaging 
influence.  Of  special  interest  is  the  fractograph  shown  in  figure  12. 
This  fractograph  was  produced  from  a  tensile  specimen  which  was  delib¬ 
erately  hydrogen  embrittled.  Note  the  similarity  between  it  and  figure 
11.  In  view  of  the  previous  discussion,  such  similarities  appear  more 
than  coincidental,  and  provide  additional  proof  that  the  hydrogen  is 
largely  responsible  for  the  cracking  process. 

CONCLUSIONS 

1.  Failure  times  of  gun  steel  specimens  of  the  composition  tested 
were  related  to  the  initial  stress  intensity  level  Kix.  Increased  Kjx 
levels  produced  shorter  failure  times.  Hie  Kjscc  level  wa>  55  ksi 
^TncH”  for  all  tubes  except  7  and  1382  which  exhibited  a  lower  Kiscc 
level  of  35  ksi  Vinch.  This  reduction  of  the  Kiscc  level  below  Kjx 

is  conclusive  evidence  of  the  susceptibility  of  this  gun  steel  to 
stress  corrosion  cracking.  The  Kjscc  being  65%  below  the  Kjx  level 
for  tubes  7  and  1382  and  45%  for  the  remainder  of  the  tubes. 

2.  Stress  corrosion  damage  in  this  material  can  occur  in  high 
humidity  and  water  environments,  though  these  are  not  as  detrimental 
as  a  3%  NaCl  solution.  A  decrease  in  fracture  times  was  noted  as  en¬ 
vironments  were  changed  from  100%  RH,  to  distilled  water  3nd  to  oxy¬ 
genated  3%  NaCl  solution. 

3.  The  apparent  temper  embrittlement  of  this  composition  tends 
to  increase  the  stress  corrosion  susceptibility.  Specimens  from  gun 
tubes  tempered  at  approximately  9008F  exhibited  decreased  failure 
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times  when  compared  under  identical  conditions  to  tubes  tempered  at 
higher  temperatures.  This  is  manifested  by  a  decrease  in  the  K.  leve 

from  55  ksi  V  inch  to  35  ksi  -/inch  for  these  tubes. 

4.  The  increased  stress  corrosion  susceptibility  combined  with 
the  temper  embrittlement  appears  to  be  detrimental  to  the  actual 
fatigue  life.  Of  the  six  tubes  tested,  tubes  7  and  1382  (temper 
embrittled)  exhibited  the  lowest  fatigue  lives.  Since  this  study  was 
conducted,  a  third  tube,  1144,  of  similar  composition  tempered  at 
915°F,  with  a  life  of  45.2  EFC  rounds,  has  been  tested  and  showed  a 
similar  decrease  in  fracture  times. 

5.  Increasing  yield  strength  fran  142  ksi  to  200  ksi  produced  an 
increasing  susceptibility.  The  142,  186  and  200  ksi  YS  materials 
exhibited  Kiscc  levels  of  98,  85  and  45  ksi  Vinch,  respectively,  in 
distilled  water.  The  decrease  in  fracture  time  was  shown  to  be  re¬ 
lated  to  both  a  decrease  in  fracture  toughness  and  an  increase  in  the 
stress  corrosion  crack  growth  rate. 

6.  The  mechanism  advanced  for  the  intergranular  fracture 
observed  is  one  of  hydrogen  embrittlement,  in  which  the  corrosion 
process  provides  the  II2  causing  the  embrittlement. 
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